A key step in the rational design of new DNA binding agents is to obtain a complete thermodynamic characterization of small molecule-DNA interactions. Ethidium bromide has served as a classic DNA intercalator for more than four decades. This work focuses on delineating the influence(s) of the 3-and 8-amino substituents of ethidium on the energetic contributions and concomitant fluorescent properties upon DNA complex formation. Binding affinities decrease by an order of magnitude upon the removal of either the 3-or 8-amino substituent, with a further order of magnitude decrease in the absence of both amino groups. The thermodynamic binding mechanism changes from enthalpy-driven for the parent ethidium to entropy-driven when both amino groups are removed. Upon DNA binding, fluorescence enhancement is observed in the presence of either or both of the amino groups, likely because of more efficient fluorescence quenching through solvent interactions of free amino groups than when buried within the intercalation site. The des-amino ethidium analog exhibits fluorescence quenching upon binding, consistent with less efficient quenching of the chromophore through interactions with solvent than within the intercalation site. Determination of the quantum efficiencies suggests distinct differences in the environments of the 3-and 8-amino substituents within the DNA binding site.
Introduction
The ability to understand the interactions of small molecules with specific DNA sequences is fundamental in any attempt to control gene expression. In designing novel chemotherapeutic agents, one of the major strategies is to develop novel DNA binding 1 ligands that influence the crucial cellular processes such as DNA topology, replication, transcription and DNA repair (Chaires, 1998; Haq et al., 2001) . Systematic modifications of clinically effective chemotherapeutic agents have the potential for positively influencing their activity and delivery. Fundamental to this approach is the rigorous description of the interactions of known DNA binding agents with their macromolecular target.
Ethidium bromide has served as a classic model for small molecule-DNA interactions for more than four decades. Although there has been considerable work directed toward the elucidation of the thermodynamic, kinetic and structural parameters that underlie the physicochemical properties exhibited upon DNA complex formation, there remain a number of unanswered questions. One important question is to understand the role of the 3-and 8-amino substituents in directing the energetics of the DNA binding process. The binding of ethidium to DNA has been described as involving two distinct steps: an initial electrostatic interaction between the negatively charged phosphate oxygens and the positively charged phenanthridinium ring nitrogen, followed by intercalative stacking interactions that stabilize the ligand-DNA complex through hydrophobic interactions. At high ligand concentrations, a secondary binding mode was observed involving external stacking of ethidium molecules in the DNA grooves resulting from ionic interactions with the phosphate backbone (Laugaa et al., 1983; Waring, 1965) .
Structure-based techniques, such as x-ray diffraction and NMR, have been employed to understand the interaction of ethidium with nucleic acids. Fuller and Waring used x-ray 2 diffraction and molecular modeling studies to describe a model wherein the geometry of the intercalated ethidium chromophore was such to orient the amino groups in close proximity to the charged oxygen atoms of the DNA phosphate backbone facilitating additional stabilization of the intercalated complex through hydrogen bonding interactions (Fuller and Waring, 1964) . This model placed the phenyl and ethyl groups of ethidium in the major groove of DNA. In 1983, Laugaa and co-workers report an alternative model structure (Laugaa et al., 1983) . Their study examines the binding of ethidium and its azido analogs to ribodinucleosides using NMR and visible spectroscopic methods. Their studies support earlier crystallographic data that describe an ethidium-DNA complex wherein the long axis of ethidium is oriented parallel to that of the hydrogen bonded dinucleosides with the phenyl and ethyl side-chains lying in the minor groove . It is evident therefore that the binding geometry is not clearly defined; indeed, it might reflect binding involving both orientations.
Whereas structural studies have clear importance, they alone cannot provide a complete description of the binding event. To achieve a complete understanding, the nature of the molecular forces involved in complex formation must be defined. The thermodynamic characterization of the binding of ethidium bromide to DNA has been well defined in terms of the intercalation of the phenanthridinium ring system (Fuller and Waring, 1964; Jain et al., 1977; LePecq and Paoletti, 1967; Tsai et al., 1977; Waring, 1965) ; however, no direct quantitative assessment of the role(s) played by the amino substituents has been presented. The objectives of this work were to delineate the contributions of the 3-and 8-amino substituents of ethidium on the thermodynamics of binding associated with 3 DNA complex formation. These studies were carried out using three analogs of ethidium: 3-amino, 8-amino and des-amino ethidium (Fig. 1) synthesized as described by Yielding and coworkers (Firth et al., 1983) . The DNA binding of ethidium and its three amino analogs will be described by obtaining complete thermodynamic profiles from the application of high-sensitivity isothermal titration calorimetry and fluorescence spectroscopy. Employing the methodology of Chaires (Qu and Chaires, 2000) we have exploited the significant changes in the fluorescence properties of ethidium bromide upon binding to DNA (LePecq and Paoletti, 1967) 
Materials and Methods

Sample Preparation
All experiments were performed in BPES buffer (6 mM Na 2 HPO 4 , 4 mM NaH 2 PO 4 , 1 mM Na 2 EDTA and 100 mM NaCl) at pH 7.00 ± 0.01. Ethidium bromide was purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO) and used without further purification.
The ethidium analogs 3-amino-5-ethyl-6-phenylphenanthridinium chloride (3-amino ethidium), 8-amino-5-ethyl-6-phenylphenanthridinium chloride (8-amino ethidium), and 5-ethyl-6-phenylphenanthridinium chloride (des-amino ethidium) were synthesized as described previously (Firth et al., 1983 (Firth et al., 1983) ). Calf thymus DNA was purchased from Sigma-Aldrich Chemical Co. and prepared as described by Chaires (Chaires et al., 1982) . DNA solutions were stored at 4 o C until used. The quality of the DNA was confirmed by UV and CD spectroscopy. DNA concentrations were determined spectrophotometrically using a molar extinction coefficient of ε 260 = 13,200 (Graves et al., 1981) .
Determination of DNA Binding Constants
Binding isotherms were obtained using fluorescence spectroscopy based on the procedure of Chaires (Qu and Chaires, 2000) . A series of DNA stock solutions were prepared spanning a concentration range of 1 nM to 1 mM (bp) at 0. (Correia and Chaires, 1994) . Primary spectra were imported into Microcal ORIGIN ® v6.0. In all cases, a shift in ligand emission maximum was observed with change in DNA concentration. For each complete binding isotherm the raw data were examined and an appropriate wavelength selected at which the change in fluorescence intensity with DNA concentration was 6 maximized. Fluorescence intensity versus DNA concentration data were fit using the nonlinear least squares method of Chaires (Qu and Chaires, 2000) by considering the equations: Values were averaged from at least three, and as many as five, duplicate experiments for each ligand. Data were more easily visualized as a logarithmic abscissa plot.
Determination of Quantum Efficiencies
The quantum efficiency, Q, of a ligand is a measure of the amount of energy transferred from DNA to ligand upon binding and is evaluated from the ratio of the quantum efficiency of ligand bound to DNA (q b ) to the quantum efficiency of free ligand (q f ) using the equation (LePecq and Paoletti, 1967) :
The quantum efficiency for each of the ligands was estimated by determining the fluorescence intensities of bound (I b ) and free (I f ) ligand. These values were obtained 7 during the construction of the fluorescence binding isotherm. It was then a matter of determining the molar extinction coefficients for each of the bound ligands (ε b ). Those for the free ligands (ε f ) were already known (Firth et al., 1983) .
To determine the molar extinction coefficients of the bound ligands small aliquots ( In Eq. 5, c represents the total ligand concentration and is taken as the concentration of the starting (free ligand) solution, and l is the cell pathlength.
Determination of molar extinction coefficients of bound ligands were the average of three to four repeats. Quantum efficiencies were calculated from the determined fluorescence intensities of free and bound drug from each binding isotherm experiment and were the average of between three to five determinations.
DNA Binding Energetics using Isothermal Titration Calorimetry Studies
Binding enthalpies were determined following the model independent excess-site method (Haq et al., 2001; Haq et al., 2000) using Calorimetry Sciences Corporation (Lindon, UT)
CSC 4200 isothermal titration calorimeter at 25 o C. All solutions were thoroughly degassed prior to use. The reference cell was filled to capacity with BPES buffer and the sample cell with calf thymus DNA (1 mM (bp); ~1.3 mL; stir rate 297 rpm). Using the excess-site method, serial titration of ligand solution (1 mM; 20 x 10 µL; 400 s injection interval) into the sample cell, after thermal equilibration, yields identical titration peaks. cell filled with BPES buffer. Subtraction of this enthalpy of dilution from the enthalpy of reaction for the titration of ligand into DNA yielded a value for the enthalpy of binding of the ligand to DNA. Ligand self-association was found to contribute a negligible heat effect . Enthalpies of ligand binding were averages of at least three repeats, and enthalpies of dilution were determined from averaging three to five experiments.
Results
Fig. 2 shows a representative binding isotherm for ethidium bromide. Shown are fluorescence emission spectra after baseline subtraction for buffer for the 25 DNA concentrations ranging from 1 nM to 1 mM (bp) (Fig. 2 A) . (Table 1) . Although the binding constants for 3-amino and 8-amino ethidium were not identical, when considering the standard deviation of the experimental data they were of same order of magnitude and hence the binding of these analogs must be considered to exhibit only a very small difference in binding affinity.
Although the binding affinities for the 3-amino and 8-amino ethidium analogs are similar, the quantum efficiencies for these analogs were found to be markedly different. The value of Q determined for the parent ethidium was 17.5 ± 0.3. This can be reasonably compared with a reported value of 21 with solution conditions of 0.1 M NaCl and 0.1 M Tris-HCl (pH 7.5) and given the fact that the authors also report a dependence of DNAbound ethidium bromide fluorescence on pH such that the observed fluorescence at pH 7.0 would be expected to be slightly lower than that at pH 7.5 (LePecq and Paoletti, 1967) . A relative fluorescence enhancement of ~ 15 has also been reported (Dedon, 2000) . The quantum efficiency of 3-amino ethidium (13.3 ± 0.2) was much higher than that exhibited by 8-amino ethidium (6.4 ± 0.2), whereas des-amino ethidium displayed a quantum efficiency of less than 1 (0.1 ± 0.0), indicative of quenching of the fluorescence upon complex formation. These fluorescence data clearly indicate distinct differences in 11 the DNA interaction geometries of the ethidium analogs that may be driven by the positions of the amino substituents.
Significant differences in the energetics of DNA complex formation due to the number and position of amino moieties on the phenanthridinium ring are also apparent from the calorimetry studies. Enthalpies of binding were determined using the model independent excess site method (Haq et al., 2000) . heats of dilution suggesting differences in the nature of the solvation environment with the formation of more favorable solvent interactions upon dilution (Fig. 4) . Partial shielding of the 8-amino group from the formation of a hydrogen bonded solvation shell would result in less disruption of the ordered water lattice surrounding the phenanthridinium ring. In contrast, the 3-amino ethidium analog has the 5-ethyl group in an equivalent position which would confer considerably less shielding, resulting in the 3-amino group being more exposed to water facilitating hydrogen bond formation and permitting less organization of the bulk water. The release of less structured water upon intercalation would be apparent as a less favorable entropy of binding.
The nature of the solvation environment may be extended to consider the heats of ligand dilution. The des-amino ethidium analog exhibited a negative (favorable) heat of dilution reflecting the release of water molecules that had been associated with the structured Ethidium Bromide -8.7 ± 0.4 -6.9 ± 0.1 -1.8 ± 0.4 0.7 ± 0.1 3-amino Ethidium -5.2 ± 0.6 -6.3 ± 0.1 1.1 ± 0.5 -0.6 ± 0.1 8-amino Ethidium -4.5 ± 0.3 -6.5 ± 0.1 2.0 ± 0.2 -1.3 ± 0.2 des-amino Ethidium -0.8 ± 0.3 -5.3 ± 0.1 4.5 ± 0.2 -1.0 ± 0.2 Table 2 . Note that the raw binding titration data shown here represents heats from both ligand binding and dilution; the latter must be subtracted in order to obtain ∆H obs o shown in Table 2 . 
